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Abstract 
A gold (Au) metal with holes fabricated on a semi-insulating gallium arsenide (SI-GaAs) 
semiconductor substrate using a cheap and easy-to-use novel technique is demonstrated. The 
technique employs a high-resolution ink-jet printer that proved to be an efficient tool in making 
terahertz (THz) emitter with fine metallic structures. The fabricated Au metal with holes on SI-
GaAs enhanced the THz radiation when compared to bare SI-GaAs. The total reflection of the THz 
waves at the metal film and their constructive interference flowing through the semiconductor to air 
is considered the reason for the enhancement. 
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1. Introduction 
Terahertz (THz) wave generation for applications in material research through THz time-domain 
spectroscopy (THz-TDS) [1], imaging of objects [2], and for homeland security [3] has been studied 
for more than a decade.  To continue this trend, simple and compact THz emitter devices that can 
easily be employed for portable THz-TDS systems are needed.  Unbiased semiconductors like 
GaAs and InAs, to name a few, are good candidates.  Ultrafast pulsed laser excitation above the 
bandgap of unbiased semiconductor compounds produces a surge current that is normal to the 
surface creating a pulsed THz radiation. However, the THz emission efficiency is typically low due 
to the low coupling efficiency of the THz radiation from the semiconductor to air. Refraction theory 
for planar surfaces shows that for THz emitters like InAs (n = 3.6 at THz frequencies), the THz 
emission cone of half angle D = sin-1 (1/n) is only 160.  THz waves emitted outside this angle suffer 
total internal reflection.  In addition, this emission cone only covers 2% of the 4S sr of the solid 
angle available.  Ongoing research for the development of an efficient THz emitter has produced 
several techniques for enhancing the emitted THz waves from unbiased semiconductors.  One is by 
decreasing the temperature of the semiconductor, by which the carrier mobility is increased and thus 
the emission efficiency is enhanced [4]. Others are techniques of enhancement with which the out-
coupling of the THz radiation to the free space is improved, such as by applying magnetic fields [5], 
placing optical couplers [6], and depositing metal films on the semiconductor THz emitter [7].  
Recently, Bakunov et al reported that a metal hole on a semiconductor surface can significantly 
enhance the THz emission efficiency by the metal hole as the emitting antenna and also by the total 
reflection from the metal layer. They showed a gain of ~5 x 103 in THz emission power from InAs 
surface as compared to that from a bare InAs [8]. 
In this report, we explore a new cost-effective and easy-to-use fabrication technique using a high-
precision ink-jet printer that can produce metallic patterns on a substrate with micrometer resolution. 
In addition, using this fabrication technique, we investigate the enhancement effect of a metallic 
gold film with holes on a semiconductor and to verify the prediction of Bakunov et al. [8].  
2. Experimental Methods 
The chromium-oxide doped semi-insulating 
(SI) GaAs semiconductor used in this study has 
a thickness of 350 Pm and specific resistance of 
1.0 x 107 :cm.  The metallic gold film with 
holes on the SI-GaAs semiconductor wafer (SI-
GaAs/Au) was prepared by first printing spots of 
an acrylic insulating ink on the wafer.  The spots 
were separated by 2 mm apart.  The wafer was 
then vacuum-dried.  Subsequently, a gold ink 
was spin coated on the wafer after which the 
wafer was again vacuum-dried.  Lastly, the 
wafer was immersed in a releasing agent to 
remove the acrylic insulating ink and to produce 
the holes. A microscopic optical image of the 
sample is shown in Fig. 1.  The thickness of the 
gold film on the SI-GaAs wafer was ~100 nm 
and the diameter of the holes were ~10 Pm.  In 
Metal (Au)
SI-GaAs substrate
10.0 Pm
Fig. 1 The microscopic optical image of the gold 
film with a hole fabricated on a SI-GaAs using the 
high-resolution ink-jet printer and spin-coating 
technique. 
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addition to the SI-GaAs/Au sample, another SI-GaAs was used as a bare sample for reference.   
The experimental setup used in the experiment is illustrated in Fig. 2. A mode-locked Ti:sapphire 
femtosecond laser (100 fs pulse width, 800 nm central wavelength, and 80 MHz repetition rate) was 
used to excite the samples and gate a photoconductive (PC) antenna used as a detector. A 100 mW 
pump beam was chopped at 2 kHz and was focused to a spot size of ~10 Pm using a 50x long focus 
objective lens. The pump beam incident angle was ~500. The average probe power was 10 mW.  
Laser excitation through the metal hole created electrons and holes in the semiconductor and were 
accelerated by the surface depletion field in SI-GaAs thereby producing an ultrafast transient 
current that is perpendicular to the surface.  The emitted THz waves were collimated and focused by 
a pair of off-axis parabolic mirrors and a hyper-hemispherical lens attached to the backside of the 
photoconductive detector antenna.  The THz time-domain waveform was acquired by scanning the 
time-delay of the probe pulses. 
3. Results 
Figure 3 shows the comparison of the 
THz time-domain waveforms from bare 
SI-GaAs and that from the Au-hole on 
SI-GaAs with the same tight focusing 
condition (~10 Pm).  As seen, the THz 
wave amplitude from the SI-GaAs/Au is 
two times greater than that from the bare 
SI-GaAs. The reason for this could be 
qualitatively explained by the total 
reflection of THz wave at the metal film 
and the constructive interference with 
the THz wave directly emitted to the 
substrate side.  
The actual enhancement should be 
greater than the observed result when 
taking into account that the metal hole had 
rejected some part of the excitation laser. Furthermore, the THz radiation from the small emitting 
area is transmitted into a broad angle thereby most of the THz radiation suffer total internal 
reflection at the semiconductor-air interface. This low coupling efficiency could be improved much 
better by using prism or lens couplers attached to the backside of the semiconductor (the opposite 
side of the Au metal film).  The comparison of the THz time-domain waveforms from bare SI-GaAs 
with and without a Si hemispherical lens coupler is shown in Fig. 4. The same experimental 
conditions were used. A 15 times enhancement in the peak amplitude of SI-GaAs with the Si lens 
coupler as compared to bare SI-GaAs can be observed. Regrettably, the same enhancement from the 
Au-hole on SI-GaAs with the Si lens coupler was not observed. The reason for this is the the critical 
alignment of the Au metal holes with the center of the Si lens coupler.  
Fig. 2 Experimental setup for the study of the THz 
emission from Au-hole on SI-GaAs 
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4. Conclusion 
We have succeeded in fabricating a gold film with holes on a SI-GaAs substrate using a new 
cost-effective and easy-to-use micrometer-resolution ink-jet printer. THz emission enhancement 
was observed from the metal hole on SI-GaAs when compared to bare SI-GaAs. The enhancement 
could be explained by the total reflection of the THz waves at the metal film followed by their 
constructive interference through the substrate side. 
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Fig 3. Terahertz time-domain waveforms from a bare 
SI-GaAs (black) and that from a Au-hole (red). 
Fig 4. Terahertz time-domain waveforms from 
a bare SI-GaAs with (red) and without (black) 
a Si hemispherical lens coupler. 
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